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Abstract

A structural cxmination  of alumirru)n  nitriclc  growth on [11 1 ] silicon was cm ied out using
transmission electron microscopy. F:lectron diffraction indicates that the basal planes of the
wurlzitic overlayer  mimic the, orientation of the close-packed planes of the substrate. }Iowever,
considerable, random rotation in the basal plane and random out of plane. tilts of about 2:3-4° are
evicient. ‘1’he orientation variations were trztccd to the Si interface, where crystal ]ites and an
arnorptmus-like  background were present. A stl-ong  relationship between these pht>nomcna  al~d
substrates containing Si is established by comparing the present growth results with those reporte(i
c,lscwherc. Crystalline quality of the overgrown CiaNT 01) the AIN layer is cicscribcci,  with
suggestions for the rel:ition between surface pyrall)icis  or peaks and the mis-oriente(i  buffer layer.

IIltmduction

Gallium nitricie and aiuminum  nitride epitnxial  films show great promise for use in
optoelectronic and high power devices due to their large, ciirect banci-gaps corresponciing  to blue
anti ultraviolet wavelength regime. Before SUCII dcviccs  cm be reaii~eci,  reliable growth  methods
are needed that produce epitaxial  layers of device quality, l’hus far, hetcroepitaxy is the only
~)ractical  means, anti much progress has been achicve(i  with sapphire substrates [1]. optimally,
substrates are nee(ied that are defect-free, cleave an(i etch well. are inexpensive, anti are available
with l~rg,e surface areas. Silicon is thus an attractive canciidatc.

‘1’hc direct deposition of GaN on silicon results in unacceptably high surface roughness and
poor crystal quality. Aluminum nitride buffer layers  have been employed to imprc)ve  the GaN
quality [2,3]. Epitaxial AIN is readily g[own to have a flat surface on silicon, and has been
repor(eci to bc able to grow as a sitlgle crystal [2,3]. The quality of GaN on AIN is known to be
cicpcncient  upon the buffer layer glow’th  conditions [3,4], but uncertainties renlain about the nature
of the AIN quality and how it influences subseclucnt cJ:~N overgrowth. This article examines these
issues with a structural examination of AIN and GaN/AlhT on silicon anti compares the findings to
those rc.porte(i  in the literature.

Single crystal AIN was first ciepositeci over the Si(l 1 ~) substrates using reactive MIil\.
‘1’hc samples were analyzed using RI II;Iil) to confirm the single  crystal nature of the sample
surface. Subsequcnt]y,  CTaN was grown over tile  AIN coateci Si( 11 1) samples using conventional
low pressure M(XVD. A growth temperature of 800”C: anti a pressure  of 76 ‘J’orr were eInployeci
an(i ‘1’IIGa an(i N} 13 were useci  as precursors. (loss-sectional sall~ples for ‘1’I;M were prepare(i  for
vicwins by gluing the grown layers face-to-face with M-bond epoxy l~~[5].  ‘1’hc orientation of the
rllatcriai was such that a slice of each sanciwich  ha(i a surface normal of [11 ~0] on onc si(ie of the
epoxy and [ 1 100] on the other. l)iscs were ultrasc)nica]ly  cut fIonl eact) slice with a dianlcter  of
2?.3 mnl an(i subsequently g]ueci into brass rings of 2.3 mm 1.1). anti 3.0 mm 0.1) to enhmcc



Inechanica]  stability. Iliscs were then thinned to 50 pm and dimpled  on onc si(ic to about 10 !lm
before ion milling both sides to electron transparency. Plan view smples were prcparcci  by f~rst
coring  the ma[erial  in a direction para]lcl  to the sLlbstratc  sLlrfacc  normal and g]uin< into rinss as
before. Al] thinning was performed as wi(h the cross-sectione(i  samples. bLlt taking, place only on
the silicon si(ic. All T11N4 work was pcrformeci  with a ‘1’opcon 00213 usins both lll~h-rcsolut~on
an(i high-tilt po]cpieccs,  depending on the need. .

Results

AlhT on Si- FigLlrc 1 is a sclecteci  area clcctmn ciiffr:lction patter-n (S AIIP) obtaincc] froln a
cross-sectional sample, illustrating the observed orientation relationship between substrmc  and AIN
layer:

(11 l)si // (OO02)AIN
[I IO] Si//[ll~O]AlN

‘1’his relationship is the same as [hat between hexagonal and cubic structures that (iiffer only in the
stacking sequence of the close-packed p]ancs. l:xtensive tilting cxperimnts  were performed to
examine the possibility of the (OO02)A1N  assuming, the orientation of one of the other [11 1 ]Si
variants inclined to the interface, as well  as the existence. of cLlbic AIN. ‘l’he basai plane normals of
tl)e wLlrtzite.  AIN were incieeci  foun(i to lie parallel tc) the sLllface rlorll]al  of the silicon throughoLlt,
bLIL wilh 53-4” tilt variation, witnessed by the arcs (not spots) of the AIN diffraction pattern of
h’igLlre  1, No SAD evi(icnce of cLlbic AIN prcscncc was observed in the cross-sectional saTnples,
althoLlgh  cLlbic  spots arc masked in some or-icnta.tions.

I:igure 2 is a bright-field image taken from the salne region as ]igurc  1, demonstrating the
overall appearance of the AIN lavcr, the oLlter  surface of which is essentially flat. orientation.
variations thrOLlghOLlt  the ]ayer result in the h40ir~ patterns being observed in high-resolution
ima~cs+ I;igure 3 shows that the observed tilts extend to ~vithin  a monoiayel  of the interface, with
at least H-4° tilt variation as witncsscci in the diffraction pattcn)s. I;i~Lwe  3 also shows that the
basai plane tilting is not continLmusly  varied, bLlt rathel confined to (iiscretc crystallitcs,  ranclomly
mis-aligneci  with respect to the Si tcmplzm. A thin, anlorl~hoLls-like region at the Si interface is
alsc) seen in this and other images.
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l;i:urc  1: Iixperimcntal (a) anti simL1latcci  (b) SA1)I)  of AIN o]] Si with the orientation relationship
dcscxibe.d  in the text. Silicon rcfle.c.tions are shown as circles, AIN as squarm.
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FigLlrt  2: “1’liM  cross-section bright-field ima~c of AIN on Si, showing smooth outer surface, and
representing the area from which l~igure  1 was obtained. ‘1’hc AIN band is seen
between Si (below) and l’fiiM s~)ccilllen  prcpara(ion epoxy (above).

l;igLlre  3: }Iigh-resolution  image  at the AIN/Si interfam, showing tilted AIN crystallite (upper
layer) corresponding to the arcs observecl  in };igLlre  1.

Plan-view samples yielclecl  similar results. I;igL1rc  4a is a SAI)P of a plan-view sample at
the [11 1 ] pole of silicon, confirming the above orientation relationship. In addition to the tilt of the
AIN basal planes ctcscribcct  above,  this SA1)P shows extensive rotation in plane. I:igure 4C was
taken near the region represented in Figure 4a, bLlt in an area thin enough to allow only AIN
reflections, Rotation in the basal plane is seen to bc much more extensive than tilting oLlt  of plane
rind nearly  results in contin  Llous ;ill,qs  connecting the reflections of lowest inclex. I;ig Llre 5 is
~lan-view bright field image of the ‘AIN layer. ~lere, the extensive in-plane. rotation su~gests
)olvcrvstalline  nlicrostructLue.
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ig~lr~  ~: l;xperilnenta]  (a) and sirnLllated  (b) SAI)l’ of AIN on Si with electron beam direction
parallel to substrate surf am norlllal, confirjl~inS  [he rclationsilip  seen in closs-section,
and showing extensive i~l-plane  rotation. Silicon reflections arc shown m circles, AlhT
as squares. lixpelin~crltal  (C) SAI)I) taken nearby, showinS  only AIN n]ateria]  with
muc]l streaking.



]:jgL]rc s: TF,M plan-view image  of AIN as in Figure 4. Icatures  resembling grains are of similar
scale as those seen in I~igL1re  2.

l-hat the angLdar  range at the. interface mcmbles that throLlghoLlt  the AIN suggests a
correlation between the interracial AIN domains and bLllk mis-alignment. Basal d-spacings vary
negligibly, while their orientation varies considerably, further subsmntia[ing  this suggestion that
the mis-oricmted AIN nuclei are seeds for subseclLmlL  mis-orientation  in the layer. ‘1’his correlation
bas not been previously established, nOI- have the origins of the. intel-facial  effects themselves.
IIowcver,  articles by other authors indicate similar interface.s, rmcl similar diffraction patterns.
Mis-alignlmnt  of GaN crystallite at the silicon interface and an amorphous-like region are seen
between extended substmte  surface steps in a study examining the effects of Si sut-face cleanliness
on GaN gI owth. ?’he authors minimiz.ecl  surfficc contamination by cleaning the substrates using
an RCA cleaning procedure followed by an llJ~ dip [6]. Another stucly  [7] shows a .SADI) at the
AIN/Si interface with much the same tilt, and describes an amorphous layer for AIN or GaN on Si,
but not on sapphire. ‘1’he authors report that analytical electron microscopy (AIM)  found no oxiclc
at the Si substrate. Ponce, et al. [8], describe similar interracial AIN nuclei  on Si{;, whose nlis-
oricntations become distributed thrc)ughout  the. AIN layer. It aplxars,  then, that tksc orientation
and amorphous-like domains are not the result of surface contamination or surface roughness, but
rattler of an inherent chemical or nleclmnical  effect in the Al (or Cla)-N-Si system. ‘l’he latt~ce
misnlatch  between SiC and AIN is very small 011 the basal plane (about 1 %) while that for a silicon
substrate is significant (mismatch:.  19%). Crystallite tilting occurs for both substrates sLlggesting
that lattice mismatch is not the cause of (he tilting, It should be noted that this effect is not
observed 01) sapphire (mismatch >1 3Yo). FuI-thernlore, as these effects are associated with silicon-
bcaring  substrates, intcrfacial Si-boncling  appears to be a likely cause.

‘1’he formation of amorphous silicon nitride during the initial stages of AIN growth WOUIC1
rcsu]t in prcfcrcntia] alignment  of the nuclei with the Si template, but with ranclom tilt and rotation
excursions propor~ional to the amount of Si~N’l  fornled. One reason AlhT is prefer[ed over CJaN as
an initial layer is due to the increased stability of AIN with respect to Si3N.t formation. Bulk
thcrmodyl]amic  calculations show that AIN is more stable than Si5N~ in ttlc  A1-N-Si environment
[9], as opposecl  to Ga-N-Si system, in which Si~N,l  is reportedly more stable  [?]. IIowevcr,
intcrfacia] tilts, rotations, and the amorphous-like region arc seen for both systcrns. lt then stands
to reason that either silicon nitride formation is OCCLII-I ins, in both systems, or silicon nitride, is not
Icsponsib]c  for the interfacia] phenomena. ]n the latter case, silicon presence may still interfere
with nucleation  through chcmicd interactions at the interface such that the ideal  AIN/Si orientation
relationship is disrupted. Silicon has been reportccl to diffuse into GaN on Si at te.mpcratures  as
lC)W  as (3000C” [ 10]. Although diffusion is not expected to affect  the Orientation of already  fornled
llLlclci,  such findings CIO indicate an affinity between Si anti the AIN lattice. lntcrcstin:ly,  in the
same study, simi]ar interfaces are described, with Si conce.ntratioris  011 the order of several ato Inic
~xrccnt at distances iI~to ttlc GaN si]t~ilar  to those of the disot-clcrcd  layer. OIIC possible explanation
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for what happens at the interface involves a combination of both views. In this scenario, the.
surface Si and N combine, the product of which then attempts to mimic the Si template, but is
restricted by the Si-N bonding. SLlbsequcntly, Al(or Cia)N is grown upon this best-fit. armngcment. Such a situation would help to explain how the closed-packed plane and direction
information is transmitted across the tilted, rotated, an(i amorphous-like interracial region. Further
invc.stigation  is needed to determine if the, Si is inclec(i  responsible for the rotated danains and, if
so, whether it is from simple lattice distortion or a particular reaction with one of the epitfixia]  layer
species.

GaN on AIN 011 Si- With the texturing natLlrc  of the AIN laycl established, growth of
subse.cluent  (3aN is briefly described. Iiigure 6 shows a heavily faceted s_urface and polycrystallirle
n~icrostructLlre  belonging to the CTaN. l’he peak sLlrfaces  are along ( 1011 } planes, corresponding
to angles of 62° with respect to the basal planes. Such peaks may be related to Ga sLlrfacc
migration and evaporation from { 1011 } planes [11]. in this case, when two-dimensional growth
is intcrl-Lq~tccl, { 101“1 } surfaces may bccomc established. Clallium  may then easily evaporate al)d
thLls-Jlrovidc  a slower-growing sur-face than that of the basal-plane. T’he basal plane, bounded by
{ 1011} surfaces grows until the sLwfaccs converge, leaving a hexa~ona]  pyramid. ]nitiation  of a
three-dimensional surface may arise from areas of GaN of opposite polarity [12], growing at a
diffcrmt  rate; or from the intersection of grains or regions with slight orientation differences; or
from dislocations at the surface. It is expcctcd  that the large tilts and rotations of the AIN basal
planes  of the buffer layer arc largely responsible for the rough CiaN surface. l~fforts to mitigate
this effect arc Lmderway.

l:igLlre  6: Cross-section lT;M bright-field image of GaN on AIN on Si, showing a heavily facctccl
oLlter surface, corresponding to { 10] 1 } planes.

OmclUsiOns

in this wolk, tllc exact natLwe of the. AIN buffer layer on silicon orientation variation klas
been established. lt has been shown that, throughout the buffer layer, tilts of basal plane normals
randomly (icviate fl-oln the Si (1 11 ) sLwface. norlnal by within approximately ~ 3-4°,  while rotatic)ns
in lJlanc wel-c shown to lotate randomly with the approximate range of 2100.  “1’hese  deviations
were shown to extent to the substrate sLlrfacc,  where a region of crystallite in a back~round  of an
:llllc)rl>lloLls-]ikc  appearance was present. It has been suggested [hat the interracial phenomena arc
tllc  responsibility of the chclnical  boncling  fl-onl the Si-bearing sLlbst[-ate, and may cncoLlragc  lhc
follnation  of { ] 011 ) l)caks on Sutmqucntly S,l’OWII  GaN.
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